The global economy is using growing amounts of natural resources such as raw materials, water, and land by making and using goods, services, and infrastructure. Aspirations on international, regional, and national levels e.g
Introduction
With the adoption of the United Nations 2030 Agenda for Sustainable Development, the Member States have agreed on 17 Sustainable Development Goals (SDGs) to promote activities of major importance for the planet [1] . For achieving the goals, an efficient and sustainable resource management is an essential prerequisite, since most of the SDGs have a direct or indirect relationship to the use of natural resources [2] . Of particular importance is target 12.2, which focuses on sustainable natural resource use measured by material productivity. Target 8.4, which addresses the need for continuous improvement of resource efficiency, is already on the international agenda: G20, OECD, or EU have developed or are developing strategies to increase the efficient use of resources to limit the negative environmental and health impacts such as emissions, waste, land use, and water pollution [3] [4] [5] . Nevertheless, the efficient use and fair distribution of natural resources requires a holistic vision for a transformation toward a sustainable society and new forms of economic activity [6] .
Natural resources "are material and non-material assets occurring in nature that were, at some point in time, deemed useful for humans" [7] . The global use of materials underwent an Requirement CFTMR to the mass flows of the materials that are required as a life cycle wide input for the product or service. The calculation is done analogously to the Cumulated Energy Demand CED by adding different energy sources in terms of their energy equivalents [26, 27] . Global median values for CFRMI and CFTMR were calculated for different abiotic materials with a focus on metals, nonmetallic minerals, and fossil energetic materials using different databases. For the first time, these procedures were implemented into the software openLCA (version 1.7) for use with the ecoinvent database (version 3.1, cut-off LCI) as a new LCIA method and used for the software-supported calculation of the material intensity of products and services.
Methodological Approach

LCIA Method and Characterization Model
The PMF is proposed as a new input oriented LCIA method that fulfills the requirements and necessary components described in ISO 14044 [28] . The method is applied for a software-supported calculation of RMI and TMR per Functional Unit (FU) based on the material input as the LCI result and the assigned CFRMI and CFTMR. The extraction of primary materials from the ecosphere and the transfer of raw materials like metal ores, non-metallic minerals, fossil energetic raw materials, and biomass into the technosphere is considered the impact category and the natural environment as the area of protection (AoP). According to ISO 14044, a characterization model should be scientifically valid and based upon a distinct identifiable environmental mechanism [28] . The loss in life supporting services of the extracted materials and the environmental impacts of mining and beneficiation as well as the further processing in manufacturing during the use phase are quite diverse and vary according to local conditions, materials, and process technologies. Nevertheless, some basic causal relationships can be observed to characterize the type of impacts.
(A) The total extraction of primary materials usually leads to the loss of the in-situ life supporting functions and services of the extracted and translocated material and the affected landscapes, including cleared vegetation and changes in hydrology, consequently to a local to regional change and often to a damage of the natural environment as an endpoint around the location of the extraction. As a midpoint indicator, total extraction of primary materials associated with the life cycle of products and services is measured by the TMR.
(B) Furthermore, the extraction process determines the amount of raw materials that is further processed and used in production and consumption, the volume of final emissions and waste, and the associated bundle of environmental impacts on land, water, and air, which will subsequentlyand additionally to (A)-occur at other places distant from the location of extraction. As a midpoint indicator, the RMI, measures the life-cycle wide cumulative amount of used extraction of raw materials.
Measuring the mass turnover of primary material extraction (A) and raw material extraction (B) accounts for basic determinants of environmental impact potentials. The method provides quantitative information on the sustainability of the product system in terms of efficient use of primary and raw materials as a proxy for the potential environmental damage to nature from the location of extraction to final disposal. The PMF and its indicators can be interpreted as measures of a generic environmental pressure associated with the life-cycle wide cumulative mass turnover of natural material extraction, translocation, and use [20] .
Since every product system requires an input of material, energy, water, and land, all four footprints should be considered to get mostly sufficient information about the environmental impact potential [29] and to avoid trade-offs in the search for alternative solutions.
Calculation of Indicators
The characterization models for the carbon footprint based on the characterization factor GWP has been used in a great number of LCA and is widely accepted. The characterization model for the PMF, as an accounting for the material intensity of products or services, should consider the life-cycle wide input of raw materials as well as the total amount of primary material extracted. Therefore, two indicators are used to quantify the PMF: the Raw Material Input RMI and the Total Material Requirement TMR. The loss in supporting services of the extracted materials and the environmental impacts of mining and beneficiation are quite diverse and vary, according to materials and extraction processes. However, the mass of the material, which is used as an input into the product system, is always only a fraction of the extracted raw material. The lower the fraction, the higher the amount of extracted raw material is and the higher the loss in supporting functions and services is. Therefore, the RMI, measuring the total amount of raw materials that is extracted from nature and transferred into the technosphere, i.e., used extraction, is a proxy for the potential damage to the natural environment. The RMI per functional unit FU is calculated using the equation below.
The RMI is the raw material input measured in kg raw material per FU, mmaterial i is the mass of material i measured in kg per FU, n is the total number of different materials required for the provision of the FU, and the CFRMI material i is the Characterization Factor Raw Material Input of material i measured in kg raw material per kg material.
The TMR is also used as an indicator, which measures the total amount of extracted primary material, so the material that is extracted to get access to the raw material remains in the ecosphere i.e., unused extraction. The TMR per FU is calculated using the equation below.
The TMR is the total material requirement measured in kg primary material per FU, mmaterial i is the mass of material i measured in kg per FU, n is the total number of different materials required for the provision of the FU, and the CFTMR material i is the Characterization Factor Total Material Requirement of material i measured in kg primary material per kg material.
The RMI and the TMR are categorized by the material flows they are accounting for: the RMI accounts for used extractions from the environment, covering all raw materials that are sold by mining, agriculture, forestry, and fisheries. Therefore, the RMI is the sum of all abiotic and biotic raw materials, which represent an input into the product over its complete life cycle.
The TMR considers both used and unused extraction. The unused extraction includes all natural material that is moved and dumped to enable the extraction of the raw material. The TMR measures the total amount of abiotic and biotic primary material required over the complete life cycle of a product.
TMR = TMR + TMR
Thus, the TMR reflects the life cycle wide requirement of primary materials and the RMI of the life cycle wide input of raw materials for a product or service. The difference between the TMR and the RMI represents the unused extraction. The abiotic and biotic parts of both indicators should be calculated and reported separately because they are linked to different environmental impacts [10] .
Calculation of Characterization Factors
The calculation of the CFRMI and CFTMR is based on the MIPS concept of Schmidt-Bleek and a further development of MIPS 2.0, which generates CF assigned to elementary flows of the ecoinvent database to calculate the input of natural resources as raw materials, water, and air [22, 30] . The calculation of the raw material input in MIPS 2.0 has some methodological weaknesses and limitations: (1) It applies mass allocation instead of economic allocation for multi-metal ores. (2) It was developed for ecoinvent version 2.2 and has not been updated for ecoinvent version 3. (3) The data for calculation of the CF are solely based on information from the elementary flows "resource, in ground" of the ecoinvent database, which defines the flows of abiotic material from nature to the technosphere. However, these elementary flows were not developed for mass balanced calculation. Some flow descriptions contain information on the material concentration in the raw material. The update of LCI methods to account for different ore grades has been suggested [31] , but, so far, the information are only available for a limited number of materials and mostly outdated e.g. ore grades for copper are based on data from the year 1994 [32] . The calculation and the use of updated world median values for the CF was proposed mainly to overcome further problems in the calculation using the ecoinvent database e.g. the limited number of elementary flows [33] .
The CFRMI material i can be defined as the ratio of the mass of the extracted raw material i.e., used extraction and the mass of the material i in the extracted raw material.
The CFRMI material i can be also calculated by the concentration of the material i in the extracted raw material, e.g., the metal concentration in the extracted ore.
The CFTMR material i is calculated below.
The coeff extraction material i is the extraction coefficient of the material i calculated by the ratio of the mass of the unused extraction and the mass of the extracted primary material for production of the material measured in kg per kg.
For quantification of the CFRMI material i, allocation has to be considered if the extracted raw material contains more than one material. For example, metallic minerals are extracted in mines with singlemetal ores (SMO) but also with multiple-metal ores (MMO). For SMO, the total mass of the extracted mineral is attributed only to one metal and, therefore, the allocation factor AFmaterial i is equal to one. For MMO, the total mass of the extracted minerals has to be distributed to all metals that are produced from the mine. In this case, the AFmaterial i for each metal is greater than zero and less than one and the sum of all AF for a specific mine is equal to one. Economic allocation should be applied when the mineral is extracted and further processed with the aim to sell every single material according to the market value [34] . In particular, for metal mining, the value of extraction and the amount of metals produced may differ considerably depending on the price of the metal, which ultimately determines the purpose of the processes. The AFmaterial i is calculated using the formula below.
The cmaterial i is the concentration of the material i in the extracted raw material, e.g., the ore, measured in percent, m is the total number of different materials in the extracted raw material, and APmaterial j is the average market price of the material j measured in monetary units. For economic allocation, a 10-year average market price should be considered [35] .
Data Sources
Three different data sources were used to calculate the global median values for the CFRMI. The results are applied in the described order due to higher global coverage and timeliness of the data. The data sources are: (1) the database of the former Raw Materials Group (RMG) [36] , (2) a database taken from an IFEU report [34] , and (3) the ecoinvent database (version 3.1).
The values for the CFRMI of 10 metals were calculated using the RMG database, which provides information on the global mining sector and the associated data includes information on yearly production quantities of minerals and metal ore concentrations in each mine. From the mine specific allocation factor AFmaterial i mine the CFRMI material i mine was calculated. The World Bank commodity price data were used to calculate the 10-year average market price of the materials [37] . The mines were sorted by the CFRMI material i mine and the allocated production volumes were cumulated to identify the mine with the median ton of global production. This mine represents the global median CFRMI of material i. As an example, the values for the CFRMI copper mine over the allocated cumulative raw material production of 141 considered mines including the median value and the 25th and 75th percentile are shown in Figure 1 . copper mine and the median value as well as the 25th and 75th percentile over the cumulative allocated raw material production of 141 copper mines [36] .
The global average values for the CFRMI of 11 other metals were calculated from the database taken from the IFEU report. The report presents an approach for converting product flows into raw material equivalents RME and the underlying data [34] . The data refer to the year 2010 and are taken from annual reports of global mining companies and from the United States Geological Survey (USGS). The CFRMI of 21 additional materials were calculated from the ecoinvent database. So far, LCA databases do not provide explicit data, which can be used to calculate the CFRMI and CFTMR. In the description of some elementary flows, in particular, "resource, in ground", the concentration of the material in the raw material is given, e.g., "Barite, 15% in crude ore, in ground." Using equation (6) the CFRMI barite is resulting in 6.7 kg/kg. If a material is defined by elementary flows with different concentrations of the material in the raw material, the median value was applied.
For calculating the CFTMR, the values of the coeffextraction material were taken from the Global Material Flows (GMF) database (version May 2016). This database provides data for the coeffextraction material on the basis of 45,726 data points from 38 different data sources, but is no longer updated [38] . The GMF database covers data on biomass, fossil fuels, minerals, and metals for 203 countries. From these data, the global median values for the coeffextraction material of 36 materials and, subsequently, the values for the CF TMR were calculated (compare equation (7)). Table 1 shows the values for the CFRMI of 10 metals calculated using data from the RMG database [36] : Chromium (Cr), Cobalt (Co), Copper (Cu), Gold (Ag), Iron (Fe), Lead (Pb), Molybdenum (Mo), Nickel (Ni), Silver (Ag), and Zinc (Zn). Table 2 shows the values for the CFRMI of 11 metals calculated from the database of the IFEU report [34] : Aluminium (Al), Cadmium (Cd), Magnesium (Mg), Manganese (Mn), Palladium (Pd), Platinum (Pt), Rhodium (Rh), Tantalum (Ta), Tin (Sn), Titanium (Ti), and Zirconium (Zr). Table 3 shows the values for the CFRMI of 21 materials calculated from data of the ecoinvent database (version 3.1, cut-off LCI): Barite (Ba), Cerium (Cer), Europium (Eu), Fluorine (F), Fluorspar (CaF2), Gadolinium (Gd), Gallium (Ga), Indium (In), Kaolinite (Al4), Kieserite (Mg[SO4]·H2O), Lanthanum (La), Lithium (Li), Magnesite (MgCO3), Neodymium (Nd), Phosphorus (P), Praseodymium (Pr), Samarium (Sm), Sylvite (KCl), Tellurium (Te), Titania (TiO2), and Uranium (U). Table 4 shows the values for the CFTMR of 36 abiotic materials calculated using the GMF database [38] 
Results
Values for the Characterization Factor Raw Material Input CF RMI
Software Implementation
The LCIA method PMF is implemented into the software openLCA (version 1.7) based on the calculated CF using the ecoinvent database (version 3.1, cut-off LCI). In this LCA software solution, new impact assessment methods can be created by adding new impact categories and impact factors and by assigning each elementary flow of the database to the impact factors with a CF [39] . The PMF was set up in openLCA by adding the impact categories Abiotic Raw Material Input and Abiotic Total Material Requirement and the impact factors RMIabiotic and TMRabiotic.
The values of the CFRMI and CFTMR are assigned to the 143 elementary flows "resource, in ground" of the ecoinvent database. The elementary flows refer to 78 different materials since some materials are described by different elementary flows, e.g., copper by 12 elementary flows. The CFRMI calculated from the RMG database are assigned to 59 elementary flows, calculated from the IFEU database to 11 elementary flows, and calculated from the ecoinvent database to 26 elementary flows. For 36 materials or 42 elementary flows, no values for the CFRMI could be calculated. For these materials, the CFRMI is set to one, considering the own mass. In total, five elementary flows "resources, in ground" of the ecoinvent database are identified as not being flows of abiotic material. For these elementary flows, the CFRMI is set to zero. Figure 2 shows the share of elementary flows "resource, in ground" of the ecoinvent database (version 3.1, cut-off LCI) for which the values of the Characterization Factor Raw Material Input CFRMI are assigned according to data sources and assumptions. The flow property of most elementary flows is mass and, therefore, the values of the CFRMI are calculated in the unit kg/kg. The flow property of the elementary flows "Gas, mine, off-gas, process, coal mining" and "Gas, natural, in ground" is volume and, therefore, the values of the CFRMI are calculated in the unit kg/m 3 .
The complete list of the 143 elementary flows "resource, in ground" of the ecoinvent database and the assigned values for the CFRMI can be found in Table A1 and the values for the CFTMR in Table  A2 in the Appendix. An EcoSpold file in XML-Format to import the LCIA method PMF into the software openLCA (version 1.7) for use with the ecoinvent database (version 3.1, cut-off LCI) is provided in the Supplement.
Discussion
Resource efficiency is high on the political agenda and there is a wide consensus that economic performance should be decoupled from natural resource use. At present, the measurement of the life cycle wide use of raw materials on a product level is still in its initial stage, mainly due to the absence of defined standards, reliable data, and adequate software solutions. A new LCIA method including the global median data for the CF has been developed to measure the material intensity of products and services. The PMF can easily be applied by LCA practitioners for automated calculation of the two material input indicators RMI and TMR, which has been shown using the open source software openLCA with the ecoinvent database. Since there is no internationally agreed standard on how to measure the PMF, both indicators should be used to provide two-fold information on the cumulative raw material use and on the total primary material requirement. While the latter can be regarded as a midpoint indicator of the environmental pressure at the locations of extraction, the former is a midpoint indicator for the environmental impact potential along the production chain up to a final disposal. Thus, both indicators convey complementary information. The PMF has been applied in recent case studies measuring the material intensity of chemical products, building structures, and electrical energy storage technologies [40] [41] [42] [43] .
Several LCIA methods and indicators focusing on resource use and depletion have been developed in recent years [44] . The most prominent is the Abiotic Depletion Potential (ADP). The indicator has been proposed to assess the relative scarcity of abiotic resources [45] . The characterization model has been controversially discussed and the underlying data for calculating the impact indicator covering 42 materials have not been updated since 2009 [46] . Since the ADP assesses resource depletion related to the natural resource availability, it is not an impact indicator related to the natural environment [47] . The PMF is following a different approach by quantifying the used and processed material as well as the total extraction of primary material from nature. With the extraction process, the support and service functions of the moved and used material are disturbed or lost, e.g., sand dredging in coastal areas leading to land erosion, ecosystem damages, and increased risk of flooding [48] . Neither RMI nor TMR can measure substance-specific environmental impacts such as eco-toxicity. For these impacts, other indicators must be used. Raw material extraction is an input-oriented intervention according to the LCA framework and, therefore, a good basis for measuring resource efficiency [49] . As the PMF is calculated per FU, the inverse is a measure for the life cycle wide material efficiency.
Outlook
As a first step, the global median values for 42 CFRMI and for 36 CFTMR out of 78 abiotic materials in the ecoinvent database are provided. Nevertheless, there is still a considerable need for further research to improve the data basis and to overcome limitations of the approach. (1) The data for calculation of the CF for the remaining abiotic materials have to be collected and a database for a regular update has to be set up. (2) The uncertainties in the CF have to be quantified. For the first estimation, the value of the CFRMI copper calculated from the RMG database-143 kg raw material per kg copper-has been compared with the results from the IFEU report and the ecoinvent database. The ecoinvent elementary flow, which is related to the global median copper production, gives a concentration of 0.36% copper in crude ore. This would result in 278 kg raw material per kg copper. Whereas the primary data source shows a concentration of 0.99% copper in crude ore [32] resulting in 101 kg raw material per kg copper. This result is close to 99.5 kg raw material per kg copper calculated from the IFEU report [34] . (3) At present, the calculation of the CFRMI is based only on the content of the material in the raw material. In the future, the losses during further processing and, thus, the overall process efficiency of mining, beneficiation, and smelting, which is, e.g., for the global copper production around 80% [32] , should be considered. (4) The provided values for the CF are global median values that take international markets and supply chains for raw materials into account. The calculation of the CFRMI using the RMG database has shown that the local conditions of the raw material extraction, in the case of metals and the ore grade of the specific mine, has a significant impact on the results. Therefore, it is advisable to adjust the values in the impact category, if the exact origin and concentration of the material in the raw material is known. In the future, the calculation method of PMF for RMIbiotic and TMRbiotic and the values for CFRMI and CFTMR of biotic materials will be provided.
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Appendix A Table A1 . Values for Characterization Factor Raw Material Input CF RMI assigned to the elementary flows "resource, in ground" of the ecoinvent database (version 3.1, cut-off LCI).
No.
Elementary 
